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Abstract 
A methodology is presented for determining mechanical properties of free-standing thin films such as poly-silicon membranes. 
The integrated investigation approach comprises test structure development, mechanical testing, and numerical simulation. All 
membrane test structures developed and manufactured consist of the same material but have different stiffness due to variations 
in the geometric design. The mechanical tests apply microscopic loads utilizing a nanoindentation tool. Young's modulus and 
fracture strength of the poly-silicon films are deduced from the force-displacement curves recorded during the tests by means of 
finite element analysis.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Free-standing thin films like poly-silicon are widely used as mechanical elements in MEMS applications, e.g. 
pressure sensors or microphones. The mechanical properties like Young’s modulus and fracture strength of these 
films have an important impact on the design as well as on the reliability and functionality of these components. A 
number of characterization methods for the determination of mechanical properties of free-standing thin films have 
already been discussed in the literature. Accordingly, the Young’s modulus can be determined by means of tensile 
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tests at microscopic structures [1] or by bulge tests that pressurize thin film membranes clamped at their periphery 
and measure the deflection [2]. A modification of these tests offers the possibility to investigate the fracture strength 
of these structures. In microscopic tensile tests notches or sharp pre-cracks are introduced to achieve a defined 
fracture [3]. The determination of the fracture strength with bulge testing also requires a pre-crack, which can be 
done by a FIB-milled slit [4]. The strength results of these test methods depend on the initial pre-crack and the 
defects at the edges of the structures. However, the strength of a full membrane depends predominantly on surface 
defects. 
In this paper, a new methodology for the determination of Young’s modulus and the fracture strength of free-
standing thin films at once is presented. This combined investigation is enabled by the mechanical testing of a set of 
membrane test structures via membrane stretch test [5].  
2. Investigation Approach 
Young’s modulus and fracture strength of poly-silicon membrane test structures are studied by means of an 
integrated investigation approach. This approach comprises an experimental and a theoretical part. The experimental 
investigations include development and preparation of membrane test structures, mechanical testing and optical 
microscopy. The experimental data is theoretically evaluated in the following step using Finite Element (FE) 
simulation. The measured and simulated force-displacement curves are compared and the mechanical properties are 
determined by a matching of simulation and experiment. A schematic procedure of the methodology is depicted in 
Fig. 1.  
 
 
Fig. 1. Schematic procedure of the investigation approach. 
3. Experimental Investigations 
3.1. Test Structures 
The objective of the test structures is the investigation of the mechanical properties of the diaphragm used in 
silicon MEMS microphones, where a round poly-silicon membrane is arranged above an etched hole on a single 
crystal silicon frame. This circumstance necessitates that all structures shall have identical mechanical properties, 
but have a different stiffness. For this purpose, all structures are processed on one silicon wafer, but show modified 
geometries to achieve the stiffness variation. The set of the membrane test structures is shown in Fig. 2. 
 
 
Fig. 2. Set of membrane test structures. 
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The stiffness variation is achieved by etching four large holes in a membrane with different distances between the 
holes. The set consists of three membranes with holes and one full membrane (see Fig. 2.). For the membranes with 
holes, the remaining material widths are 10, 25, and 50 μm, respectively. 
3.2. Mechanical Testing 
The miniaturized loading test shall apply the load to the membrane specimens similar to the service conditions 
but at higher, still well-defined and almost constant stress within a certain region of the membrane. To this end, the 
membrane stretch test is applied. The membrane test structures are fixed at the edge by a single crystal silicon 
frame. The loading is done with a nanoindentation tool using a spherical diamond tip with a radius of 42 μm. Fig. 3a 
shows the principle of the membrane stretch test. In this assembly, the membrane is loaded with a constant feed rate 
of 200 nm/s until fracture. During loading, force and displacement are measured. The samples are fixed on a steel 
puck, which is placed in the specimen holder of a nanoindenter tool (Fig. 3b). 
 
    
Fig. 3. (a) Principle of the membrane stretch test with nanoindentation device; (b) Detailed view of the nanoindenter tool with specimen holder 
and different samples (1 – indenter tip, 2 – membrane samples, 3 – reference samples for calibration). 
4. Theoretical Investigation 
FE analysis is applied to achieve a deeper understanding of deformation, strain, and stress distribution during 
loading. As large deformations of the membranes occur, geometrically nonlinear effects must be taken into account 
to calculate the correct force-displacement-curves. The FE model is shown in Fig. 4. The membrane was modeled 
by shell elements, the bulk material by continuum elements, and the loading tip was considered as rigid body. 
The simulated force-displacement curves are compared to those of the experimental tests. Young’s modulus is 
adjusted to reach a close match between simulation and experiment. Furthermore, the fracture stress can be 
calculated for every tested membrane. 
 
   
Fig. 4. (a) Finite Element model of the membrane stretch test; (b) membrane at 50 μm deflection. View without loading tip for better visibility. 
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5. Results and Discussion 
The comparison of measured and simulated force-displacement curves can be seen in Fig. 5. These curves 
depend on the geometry of the structure and the mechanical properties of the film material, which was identical for 
all structures. Consequently, the significant differences between the curves are solely caused by different 
geometries. Thus, Young’s modulus can be deduced from the force-displacement curves by means of FE simulation 
(see Fig. 5.). The close match between simulation and experiment was achieved by adjusting Young’s modulus. A 
value of 142 GPa was found for Young’s modulus, which is in good agreement with the literature [6]. Accordingly, 
the simulation offers the possibility to calculate the fracture stresses from the force-displacement curves. 
 
 
Fig. 5. Comparison of measured and simulated force-displacement curves. 
The cracking of the membrane structures is marked by a massive decrease in the force (see Fig. 5.) and the 
fracture stress of every tested membrane can be calculated. The cracking of full membrane is observed under the 
spherical tip. In contrast to this, the membranes with holes show a cracking of the remaining material between the 
holes. Consequently, the set of test structures offers the possibility to investigate the impact of surface and edge 
defects on the strength of poly-silicon membranes. The statistical evaluation of the strength results, which is 
necessary due to brittle nature of poly-silicon, will be part of further studies. 
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